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Abstract 
 
 Raman spectroscopy, complemented by infrared spectroscopy has been used 
to characterise the ferroaxinite minerals of theoretical formula 
Ca2Fe2+Al2BSi4O15(OH),  a ferrous aluminium  borosilicate.  The Raman spectra are 
complex but are subdivided into sections based upon the vibrating units. The Raman 
spectra are interpreted in terms of the addition of borate and silicate spectra. Three 
characteristic bands of ferroaxinite are observed at 1082, 1056 and 1025 cm-1 and are 
attributed to BO4 stretching vibrations.   Bands at 1003, 991, 980 and 963 cm-1 are 
assigned to SiO4 stretching vibrations. Bands are found in these positions for each of 
the ferroaxinites studied. No Raman bands were found above 1100 cm-1 showing that 
ferroaxinites contain only tetrahedral boron. The hydroxyl stretching region of 
ferroaxinites is characterised by a single Raman band between 3368 and 3376 cm-1, 
the position of which is sample dependent.  Bands for ferroaxinite at 678, 643, 618, 
609, 588, 572, 546 cm-1 may be attributed to the ν4 bending modes and the three bands 
at 484, 444 and 428 cm-1 may be attributed to the ν2 bending modes of the (SiO4)2-.   
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Introduction 
 
 The axinite group of minerals are triclinic borosilicates of general formula 
A3Al2BSi4O15(OH) where A = Ca, Fe2+, Mg and/or Mn2+ 1.  These borosilicate 
minerals occur most commonly in contact metamorphic rocks and in basic igneous 
rocks.  Axinite commonly forms as a contact mineral near granitic intrusions or in 
granitic cavities.  The axinite mineral group is a series of minerals named for their 
respective enrichment in either iron, magnesium and/ or manganese 2. Thus the 
minerals are named ferroaxinite, magnesioaxinite, manganaxinite. Tinzinite is the iron 
manganese intermediate axinite.  The minerals have been known and defined for 
some considerable time 3-9.  The structure of the minerals has been determined and 
belong to the space group P1 10-12.  
 
 The Raman spectroscopy of axinites is not known.  Little information is 
available on the infrared spectroscopy of axinites 13-18. Thus, at present information 
must be attained from other borosilicates such as tourmalines 19-22.  It is established 
that BO3 groupings may be distinguished from B(O,OH)4 groupings by the location of 
the antisymmetric stretching vibrations 23.  The BO3 units absorb in the infrared 
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spectrum in the range 1200 to 1450 cm-1, whilst the B(O,OH)4 units show 
characteristic bands in the 900 to 1180 cm-1 region.  The absence of any infrared 
absorption above 1200 cm-1 is strong evidence for the absence of BO3 units. Minerals 
containing tetrahedral boron show no absorption in the 1200 to 1500 cm-1 range 23,24.  
Farmer states that for minerals such as tourmalines where the borate anion is isolated, 
are simply the sum of spectra of the silicate and borate anions 23.   
 
In this work we report the vibrational spectra of a series of ferroaxinite 
minerals and relate the spectra to their structures.   
 
Experimental 
 
Minerals 
 
The axinite minerals were obtained from Museum Victoria and The South Australian 
Museum. The minerals and their origin are listed in Table 1.  The Ferroaxinite type 
minerals used in this study ranged in colour from brown, deep purple and black and 
were obtained from Mineralogical Research Company, California, USA. Mineral 
samples were collected of which 4 were selected for further study and labelled as 
Ferroaxinite 6a, 6c, 8 and 11. 
 
X-ray diffraction 
 
 X-Ray diffraction patterns were collected using a Philips X'pert wide angle X-
Ray diffractometer, operating in step scan mode, with Cu Kα radiation (1.54052 Å). 
Patterns were collected in the range 3 to 75° 2θ with a step size of 0.02° and a rate of 
20 seconds per step. Samples were prepared as thin films onto silicon wafers and 
placed into aluminium sample holders. The Profile Fitting option of the software uses 
a model that employs twelve intrinsic parameters to describe the profile, the 
instrumental aberration and wavelength dependent contributions to the profile. 
 
Infrared spectroscopy 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a 
Smart Endurance single-bounce diamond ATR cell. The spectra were obtained over 
the 4000-525 cm-1 region by the co-addition of 128 scans with a resolution of 4 cm-1. 
Spectral manipulations such as baseline adjustment and normalisation were performed 
using the software package GRAMS (Galactic Industries Corporation, NH, USA). 
Band component analysis was undertaken using the Jandel ‘peakfit’ software package 
which enabled the type of fitting function to be selected and allows specific 
parameters to be fixed or varied accordingly. Band fitting was done using a Lorentz-
Gauss cross-product function with the minimum number of component bands used for 
the fitting process. The Gauss-Lorentz ratio was maintained at values greater than 0.7 
and fitting was undertaken until reproducible results were obtained with squared 
correlations of r2 greater than 0.995. 
 
Scanning electron microscopy 
 
Ferroaxinite samples were coated with a thin layer of evaporated carbon and 
secondary electron images were obtained using an FEI Quanta 200 scanning electron 
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microscope (SEM). For X-ray microanalysis (EDX), four samples were embedded in 
Araldite resin and polished with diamond paste on Lamplan 450 polishing cloth using 
water as a lubricant. The samples were coated with a thin layer of evaporated carbon 
for conduction and examined in a JEOL 840A analytical SEM at 12kV accelerating 
Voltage with full standard analysis and calculated on the basis of 16 oxygens.  
 
Raman microprobe spectroscopy 
 
Samples of the ferroaxinite were placed and orientated on the stage of an 
Olympus BHSM microscope, equipped with 10x and 50x objective lenses, as part of a 
Renishaw 1000 Raman microscope system. This system also includes a 
monochromator, filter system and a Charge Coupled Device (CCD). Raman spectra 
were excited by a HeNe laser (633 nm) at a resolution of 2 cm-1 in the range between 
100 and 4000 cm-1. Repeated acquisition using the highest magnification was 
undertaken to improve the signal-to-noise ratio. Spectra were calibrated using the 
520.5 cm-1 line of a silicon wafer. In order to ensure that the correct spectra were 
obtained, the incident excitation radiation was scrambled. Previous studies provide an 
in depth account of the experimental technique 25-30. Spectral manipulation such as 
baseline adjustment, smoothing and normalisation was performed using the 
GRAMS® software package (Galactic Industries Corporation, Salem, NH, USA).  
 
Results and discussion 
 
Model of ferroaxinite 
 
 In order to appreciate and understand the chemistry of axinites and in 
particular ferroaxinite it is imperative to study a model of the crystal structure. Such a 
structure is shown in Figure 1.  In this figure each atom is labelled except for the 
oxygen. The figure shows that the OH unit is bonded to the aluminium. The borate is 
bonded to both calcium and iron. It should also be noted that boron is made up of two 
isotopes in a ratio of 70 % to 30 %. In both the infrared and Raman spectra bands 
attributed to both isotopes should be observed. It is noted that the silicate is bonded to 
all three cations, namely calcium, aluminium and iron. For this structure, the simplest 
model of the vibrating units would be to have each unit vibrating independently of 
each other. Whether this assumption is true or not, is not known. Farmer in the 
‘Infrared spectrum of minerals’ (p 376) makes comment on the infrared spectra of 
borosilicates and aluminaborosilicates 23.  In minerals where the borate anion is 
isolated, like borate in tourmalines, its infrared absorption spectrum will be simply 
additive to that of the silicate anion. However when in a condensed sheet or three 
dimensional framework incorporating both silicon and boron, spectra of considerable 
complexity and variety result.  This makes the interpretation of bands below 1200  
cm-1 difficult to assign. It is probable that for alumino-borosilicates that B-Si disorder 
does not occur and as a consequence the spectra will simply show multiple bands. 
 
 
X-ray diffraction 
 
 The powder X-ray diffraction patterns (PXRD) of the four selected axinites 
are displayed in Figure 2.  The PXRD gives peaks at 2.812, 3.16, 3.46, 6.30, 3.68, 
3.28, 2.998 degrees two theta. The powder XRD patterns agree with the published 
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pattern (as illustrated in the top pattern in Figure 1) 31. Lumpkin and Ribbe used 
PXRD to determine the structures of axinites. PXRD has been used to identify other 
axinite minerals and to distinguish new varieties 32 and also to determined the 
direction of the OH dipoles 33.  The phase analysis of the axinites was used to select 
the four purest axinites for Raman spectroscopic analysis. 
 
EDAX analyses 
 
The results of EDAX analyses of the selected ferroaxinites are shown in Table 
2.  A theoretical analysis of a pure ferroaxinite based upon the formula 
Ca2FeAl2BSi4O15(OH) provides an analysis of SiO2 42.16, B2O3 6.11, Al2O3 17.88 
FeO 12.60%, CaO 19.2  wt %.  It is not possible to determine B2O3 by EDAX 
methods as the atomic mass is too low. B2O3 must be interpolated from the other 
results. The EDX analyses were used to determine the composition of the 
ferroaxinites. The silica analysis of the four selected ferroaxinites varies from 42.74 
(sample 6c) to 43.85 (sample number 11). These results are close to the theoretical 
value of 42.16 wt %.  The values of CaO vary from 20.64 to 21.21 which compares 
well with the theoretical value of 19.20%. The analysis for Al2O3 is also close to 
theoretical.  The variation in the composition in terms of FeO, MnO and MgO is 
illustrated in Figure 3.  This figure shows where on the compositional phase diagram 
the particular ferroaxinite is to be found.The equilateral triangle is divided into three 
sections which are the primary phase areas of Fe, Mg and Mn. These areas define the 
phase fields of ferroaxinite, magnesioaxinite and manganaxinite.  Two of the 
ferroaxinites contain predominantly Mg and Mn (see Figure 3).  The other mineral in 
the axinite group is tinzenite which contains Mn and Fe2+.    
 
 
Raman and infrared Spectroscopy 
 
 The Raman spectra of the four selected axinites are displayed in Figures 4-7. 
Figure 4 shows the Raman spectra in the 800 to 1100 cm-1 region; Figure 5 the Raman 
spectra in the 500 to 800 cm-1 region; Figure 6  the Raman spectra in the 100 to 500 
The infrared spectra are shown in Figures 8 to 10: Figure 8 infrared spectra of 
ferroaxinites in the 700 to 1200 cm-1 region; Figure 9 infrared spectra of ferroaxinites 
in the 525 to 675 cm-1 region; Figure 10 infrared spectra of ferroaxinites in the 3200 
to 3500 cm-1 region.  
 
 The Raman spectra of the four ferroaxinites from different origins in the 800 
to 1100 cm-1 region show a strong resemblance which is not unexpected. The spectra 
shown may be subdivided into sections (a) 1020 to 1100 cm-1 (b) 900 to 1020 cm-1 
and (c) 800 to 900 cm-1. Region (a) is attributed to BO stretching vibrations. Three 
Raman bands are observed at around 1025, 1056 and 1082 cm-1. Some slight variation 
in the band positions occurs between the minerals of different origin. The first band is 
attributed to apical B-O bonds 18.  Fuchs et al. calculated the position of the BO apical 
BO bond using reduced mass calculations and reported an infrared band at 1071 cm-1.  
In the infrared spectra (Figure 8) intense bands are observed in the reflectance spectra 
at around 1066 and 1038 cm-1.   
 
 Another intense infrared band is observed at around 1004 cm-1. This band is 
attributed to SiO apical stretching vibrations. The corresponding band in the Raman 
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spectrum is at ~1005 cm-1.  Other bands for ferroaxinites are observed at ~991, 980 
and 963 cm-1. These bands are also ascribed to SiO stretching vibrations. The intense 
Raman band at 902 cm-1 for ferroaxinite 6a shows more complexity for the other 
ferroaxinite samples.  One possibility is that this band is a hydroxyl deformation mode 
and is due to FeOH and MgOH deformation vibrations. The infrared spectra in this 
wavenumber range are complex with a series of overlapping bands. Two intense 
bands are observed at around 823 and 873 cm-1.   Of interest is a band at around 777 
cm-1 in each of the infrared spectra (Figure 8). Fuchs et al. assigned this band to the 
apical FeO stretching vibration 18.  A band of medium intensity is observed in the 
Raman spectra at 768 cm-1 (Figure 5). It is interesting for the humite mineral group a 
number of low wavenumber bands are observed between 740 and 790 cm-1. Since the 
position of these bands does not fit into the olivine spectral pattern, the bands must be 
due to the brucite part of the structure. These bands are ascribed to MgOH and other 
M2+OH deformations.  Three bands are observed at 747, 757 and 784 cm-1 for humite, 
744, 760, 785 for clinohumite and 740, 755, 781 cm-1 for Ti-clinohumite.   
 
An intense Raman band at 714 cm-1 (Figure 5) is assigned to the OBO bending 
modes. A number of bands are observed in the Raman spectrum of the axinite 
minerals in the 500 to 700 cm-1 region. In general these bands are ascribed to the 
bending modes of the (SiO4)2- units.  For axinite Raman bands are found at 678, 643, 
618, 609, 588, 572, 546 and 509 cm-1.  Chopelas identified bands at 608 and 545 cm-1 
for fosterite and assigned these bands to the out of plane (ν4) bending modes (see 
Table 2 of reference 34). The band for fosterite at 422 cm-1 was assigned to the ν2 
bending mode.  Considerable variation in the band position was found for different 
minerals. Thus by analogy all bands for ferroaxinite at 678, 643, 618, 609, 588, 572, 
546 and 509 cm-1 may be attributed to the ν4 bending modes of (SiO4)2-.  The three 
bands at 484, 444 and 428 cm-1 (Figure 6) may be attributed to the ν2 bending modes.  
Additional bands at 416 and 390 cm-1 may also be assigned to the ν2 bending modes.  
Two ν4 bending modes are observed at 607 and 587 cm-1 for clinohumite and at 668 
and 638 cm-1 for sonolite. For the mineral norbergite (single silicate layered humite 
mineral) three bands are observed at 614, 572 and 555 cm-1 attributed to the ν4 
bending modes and two bands are observed at 435 and 382 cm-1 assigned to the ν2 
bending modes.  For chondrodite the spectra show greater complexity. Four Raman 
bands are observed at 607, 587, 572 and 547 cm-1. Two Raman bands are found at 
430 and 390 cm-1 ascribed to the ν2 bending modes.  The infrared spectra in the 525 to 
675 cm-1 region are shown in Figure 9.  The spectra are broad with the spectral profile 
made up of overlapping bands. A prominent band at 664 cm-1 with a shoulder at 682 
cm-1 is ascribed to the ν4 bending mode of the SiO4 units.  Other bands are observed at 
around 601, 583, 569, 557 and 547 cm-1. Bands below this position are not observed 
as the lower limit of the diamond ATR cell is 525 cm-1.  
 
 A significant number of Raman bands are observed in the 100 to 500 cm-1 
region (Figure 6). For ferroaxinite 6a, bands are observed at 306, 276, 255, 211, 172, 
157 and 110 cm-1. The spectrum of ferroaxinite 8 is close to that of ferroaxinite 6a. An 
additional band at 194 cm-1 is observed. Intense bands at 319 cm-1 is found for 
ferroaxinite 6c and 320 cm-1 for ferroaxinite 11.   Other bands are observed for these 
two ferroaxinites around 300 cm-1.  It is considered that this band(s) is related to FeO 
stretching vibrations.   
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 The Raman and  infrared spectra of the OH stretching region of the 
ferroaxinites are shown in Figures 7 and 10. Some variation in the peak position is 
observed. In the Raman spectrum the band is found at 3376 cm-1 for ferroaxinite 
sample 6a, 3368 cm-1 for sample 6c, 3373 cm-1 for sample 8 and 3368  
cm-1 for ferroaxinite sample 11. The bands show some slight asymmetry which 
becomes accentuated in the spectra collected at 77 K.  The observation of two bands 
in the Raman spectrum at 77 K must be attributed to two slightly different OH units in 
the structure.  The infrared spectrum (Figure 10) of ferroaxinite sample 6a shows two 
bands at 3387 and 3369 cm-1; ferroaxinite sample 6c a single band at 3380 and 3355 
cm-1; ferroaxinite sample 8 two bands at 3383 and 3363 cm-1; and ferroaxinite 11 two 
bands at 3378 and 3363 cm-1.  Variation in the band position results because of very 
slight differences in the hydrogen bonding between the OH units and the adjacent 
silica units. Two bands are observed at around 3387 and 3369 cm-1.  The bands are 
assigned to the OH antisymmetric stretching vibrations of the ferroaxinite OH units. 
The observation of two bands suggests the non equivalence of the OH units in the 
structure, although this difference is difficult to observe in Figure 1.  A low intensity 
band is observed in each of the spectrum at around 3300 cm-1 and is attributed to 
adsorbed water.  If a Libowitzky type empirical formula which relates the position of 
the infrared band of the OH stretching vibration with hydrogen bond distance is used 
then the hydrogen bond distance between the OH units and the adjacent oxygen of the 
SiO4 units is found to be 0.2789 and 0.2778 nm. 
 
Conclusions: 
 
  The axinite mineral group triclinic borosilicates of general formula 
A3Al2BSi4O15(OH) where A = Ca, Fe2+, Mg and/or Mn2+ is a series of minerals named 
for their respective enrichment in iron, magnesium and/or manganese.  A combination 
of Raman and infrared spectroscopy has been used to characterise ferroaxinites of the 
axinite mineral group for the first time.  The ferroaxinites are characterised by sets of 
bands in the 1010 to 1100 cm-1 region assigned to BO4 stretching vibrations and in the 
950 to 1010 cm-1 region attributed to the stretching bands of SiO4 units.  The infrared 
spectra of the ferroaxinites were found to be very complex consisting of multiple sets 
of overlapping bands. Interestingly no Raman bands were found above 1100 cm-1 
indicating that these ferroaxinites contain no isolated (BO3)3- anions.   
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 Ferroaxinite 
6a 
Ferroaxinite 
6c 
Ferroaxinite 8 Ferroaxinite 
11 
SiO2 43.48 42.74 43.02 43.85 
CaO 20.68 20.64 20.88 21.21 
Al2O3 17.94 17.56 17.84 17.85 
FeO 6.24 9.02 9.13 7.25 
B2O3 4.67 6.96 5.38 6.04 
MnO 6.63 1.62 3.13 0.96 
MgO 0.37 1.46 0.63 2.84 
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Figure 8 Infrared spectra of ferroaxinites in the 700 to 1200 cm-1 region.  
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Figure 9 Infrared spectra of ferroaxinites in the 525 to 675 cm-1 region.  
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Figure 10 Infrared spectra of ferroaxinites in the 3200 to 3500 cm-1 region.  
 
 
